Abstract: Six storm-water best management practices ͑BMPs͒ for treating urban rainwater runoff were evaluated for cost and effectiveness in removing suspended sediments and total phosphorus. Construction and annual operating and maintenance ͑O and M͒ cost data were collected and analyzed for dry extended detention basins, wet basins, sand filters, constructed wetlands, bioretention filters, and infiltration trenches using literature that reported on existing storm-water BMP sites across the United States. After statistical analysis on historical values of inflation and bond yields, the annual O and M costs were converted to a present worth based on a 20-year life and added to the construction cost. The total present cost of each storm-water BMP with the 67% confidence interval was reported as a function of the water quality design volume, again with a 67% confidence interval. Finally, the mass of total suspended solids and total phosphorus removed over the 20-year life was estimated as a function of the water quality volume. For the six storm-water BMPs investigated, results show that, ignoring land costs, constructed wetlands have been the least expensive to construct and maintain if appropriate land is available. However, since wetlands typically require more land area to be effective, land acquisition costs may result in wetlands being significantly more expensive than other storm-water BMPs that require less area. The results can be used by planners and designers to estimate both the total cost of installing a storm-water BMP and the corresponding total suspended solids and total phosphorus removal.
Introduction
With the implementation of the United States Environmental Protection Agency's ͑USEPA͒ national pollution discharge elimination systems ͑NPDES͒ Phase I and II programs, much interest has developed in the area of water quality treatment of stormwater runoff. While little is known about the cost effectiveness of available storm-water treatment technologies, often called stormwater best management practices ͑BMPs͒, municipal and state agencies are now being required to meet certain pollutant removal criteria based on the USEPA requirements.
Of primary water quality concern are nutrients such as phosphorus ͑P͒. Excess nutrients can initiate large algae blooms that generate negative aesthetic and eutrophic conditions in receiving lakes and rivers. In inland water bodies, phosphorus is typically the limiting nutrient ͑Schindler 1977͒ and can be contributed to storm water from various sources such as fertilizers, leaves, grass clippings, etc. ͑USEPA 1999͒. Other pollutants of primary concern in storm water are dirt, sand, and other solid particles, which are commonly quantified by measuring the total suspended solids ͑TSS͒ of a water sample. TSS can severely and negatively impact an aquatic environment. The solids increase turbidity, inhibit plant growth and diversity, affect river biota, and reduce the number of aquatic species ͑Shammaa et al. 2002͒ . Total suspended solids and phosphorus are primary concerns of most storm-water management plans, and little is known about the cost effectiveness of available storm-water treatment options.
This paper seeks to fill a need by developing both a cost comparison tool ͑based on total construction cost not including land acquisition͒ and an effectiveness comparison tool ͑based on mass of total suspended solids and total phosphorus removed͒ for common storm-water BMPs. Since, depending on conditions, some total phosphorus can become biologically available ͑Reynolds and Davies 2001͒, and since reported values of phosphorus and phosphorus removal are often given in terms of total phosphorus, this analysis included herein is based on total phosphorus values. The method is based on published, reliable information of existing storm-water BMPs relating to their construction and annual operating and maintenance ͑O and M͒ costs and their ability to remove TSS and total P from storm-water runoff. Six types of storm-water BMPs were chosen by the availability of this information. The goal is to provide planners and engineers with a prefeasibility tool that can be used to compare the costs and impact on water quality of available storm-water BMPs. First, a review and discussion of the storm-water BMPs with sufficient credible data are presented below. It is assumed that all BMPs receive regular and sufficient maintenance such that they perform as designed. The cost of this regular maintenance will be incorporated into the analysis as described below.
Dry Extended Detention Basins
Dry extended detention basins are relatively shallow impoundments that typically detain storm water for no more than 48 h. These basins do not maintain a permanent pool of water between storm events, but do allow for settling of solids and removal of pollutants that are sorbed to the settled particles.
Dry extended detention basins also reduce the risk of flooding by attenuating the peak storm flow rate because they temporarily store the runoff and release it at a slower rate through designed outlet structures. Compared to other storm-water BMPs such as wet ponds and wetlands, dry extended detention ponds typically provide less water quality treatment. For example, while properly designed detention basins can remove large solid particles via settling, they often do not detain runoff long enough to allow finer particles to be removed. However, they can be a low-cost and effective method of removing a fraction of the pollutant load.
Wet/Retention Basins
"Retention systems capture a volume of runoff and retain that volume until it is displaced in part or in total by the next runoff event. Retention systems therefore maintain a significant permanent pool volume of water between runoff events" ͑USEPA 1999͒.
Also termed wet ponds in some contexts, these basins are similar to dry extended detention basins except the outlet structure is set at a higher elevation to create a permanent pool within the pond. Retention basins utilize gravity settling as the major removal mechanism, but nutrient and organic removal can be achieved through aquatic vegetation and microorganism uptake.
Limitations of these systems are typically related to retention time. During high flows, or freezing weather ͑when the permanent pool is frozen or covered with ice͒, influent runoff can short circuit through the retention system, which reduces the effectiveness of the sedimentation mechanism. Pond characteristics such as size, shape, and depth can also affect the removal efficiency. Changes in pH or hardness can alter the solubility of many contaminants and thus release them to the effluent ͑USEPA 1999͒.
Constructed Wetlands
"Constructed wetland systems are similar to retention and detention systems, except that a major portion of the storm-water BMP water surface area ͑in pond systems͒ or bottom ͑in meadow-type systems͒ contains wetland vegetation" ͑USEPA 1999͒.
Constructed wetlands are similar to dry extended detention basins in that they release water slowly. Although they are shallower, they also resemble wet basins in that they typically hold a permanent pool of water so that wetland vegetation can be maintained. Whereas dry extended detention basins are typically designed to release the entire storm-water inflow within 24-48 h, constructed wetlands can take several days or more to release runoff events.
Constructed wetlands allow for more removal mechanisms than detention basins and longer contact times than retention basins; therefore, they are capable of removing more pollutants such as nutrients and organics. Unlike dry extended detention basins, constructed wetlands, if designed properly, do not allow for resuspension of particles and contaminants. However, a major drawback of constructed wetlands is the large space they require. Constructed wetlands typically require large areas to allow for adequate storage volumes and long flow paths. As a result, wetlands are often impractical in urban and suburban areas where land costs are high.
As with any storm-water BMP, constructed wetlands require regular maintenance to remain effective. Faulkner and Richardson ͑1991͒ attributed a significant reduction in nutrient removal to the wetland vegetation reaching maximum density. Thus, wetland plants may have to be harvested to remove overabundant vegetation. Furthermore, overabundant and decaying vegetation can deposit large amounts of soluble and particulate phosphorus into the wetlands system; typically more than the living vegetation can uptake. This can result in an addition of phosphorus to the system. Also, it is questionable if harvesting plants will adequately remove phosphorus because in studies where vegetation has been harvested in an attempt to remove phosphorus, only minimal amounts of phosphorus have been recovered ͑Kadlec and Knight 1996͒. These factors may make it difficult for constructed wetlands to be a long-term cost-effective quality control technique without relatively frequent large-scale maintenance.
Infiltration Trenches
Infiltration trenches fall into the category of infiltration practices, which are defined by the USEPA ͑1999͒ as follows: "Infiltration systems capture a volume of runoff and infiltrate it into the ground." Any technique that does not discharge effluent to surface waters and/or reduces total discharge can be categorized as an infiltration practice. Infiltration practices encompass a number of techniques utilized for the treatment of storm-water runoff and most require some form of pretreatment and frequent maintenance to prevent blockage and ensure proper operation of the system.
The removal performance of infiltration practices has not been thoroughly reported. The difficulty in determining the quality of the effluent is most likely the chief reason for this lack of information. The data that are available regarding infiltration practices vary drastically due to many factors such as varying soil conditions, influent water quality, depth to water table, degree of pretreatment, maintenance protocols, etc.
Infiltration trenches can be thought of as constructed channels filled with filtration media or soil that allows for the infiltration of storm water. These trenches are often placed around the perimeter of parking lots or other structures to treat the runoff generated by the site. With sufficient sizing and properly designed flow regulators ͑typically, check dams͒, infiltration trenches can infiltrate a large portion of the runoff, although peak flow reduction is typically not substantial. Thus, additional benefits ͑which are not investigated in this study͒ of any infiltration device are that of runoff volume reduction and groundwater recharge.
Bioretention Systems
While not specifically defined by the USEPA, bioretention systems may be classified as an infiltration practice and are essentially landscaped depressions to which storm-water runoff is diverted and stored. Once in the depression, the trees, shrubs, and other vegetation help to remove the water through uptake, while the runoff infiltrates into the soil. The underlying soil may consist of the original soil, but is more typically a non-native soil such as sand that is installed during construction. Also, depending on the permeability of the soil, a bioretention system may include a perforated underdrain that collects and removes infiltrated water.
Bioretention systems are rapidly gaining in popularity because it is assumed they incorporate the best of vegetative systems and filtration systems. However, their impact on water quality is neither well known nor documented. The area of bioretention systems that would be required for substantial peak flow reduction would also be greater than normally used.
Sand Filtration
Sand filtration systems utilize granular media to filter storm-water runoff that is collected and discharged as effluent to other treatment systems or directly to receiving waters. Those called "Austin" sand filters appear much like a dry detention basin, but include built-in sand-filled areas that filter the water and release it to an underdrain. The "Delaware" sand filters are usually smaller, low-retention filters that can be placed underground in concrete chambers and are typically designed to capture and treat only the first portion of most runoff events. Peak flow reduction is not a primary objective of most sand filtration systems, but peak flow reduction occurs for nonoverflow conditions.
Cost Estimation
Based on published cost data of actual storm-water BMPs, the method that is described below was developed to enable designers and planners to make estimates of the total present cost of various storm-water BMPs if the size of the system is known. Herein, the total present cost is defined as the present worth of the total construction cost of the project ͑not including land acquisition costs͒ plus the present worth of 20 years of annual O and M costs. The values reported do not include costs of pretreatment units ͑which may be required͒, design or engineering fees, permit fees, land costs, contingencies, etc. The costs of storm-water BMPs are usually reported along with the corresponding watershed size and/or the water quality volume ͑WQV͒ for which the storm-water BMP was designed. The water quality volume is often defined as the volume of runoff that the storm-water BMP is designed to store and/or treat, which is often based on a design precipitation depth or depth of runoff. Water quality volume will be discussed in more detail below.
Total Construction Costs
Values of total construction costs of storm-water BMPs throughout the United States were collected from published literature. The data originating from Brown and Schueler ͑1997͒ were read graphically, whereas the values from SWRPC ͑1991͒, Caltrans ͑2004͒, and ASCE ͑2004͒ were given in tabular form. Also, the data from Caltrans ͑2004͒ were collected by means of a survey distributed by Caltrans to other agencies throughout the country. It should be noted that the total construction costs of storm-water BMPs installed by Caltrans were also available, but these values were omitted from this analysis because their costs were typically about one order higher than similarly sized projects constructed by other agencies. Caltrans attributed these high costs to the fact that their projects were retrofits and were not installed as part of larger construction projects.
Although data were collected on many storm-water BMPs, sufficient data to perform a cost analysis could be found for only dry extended detention basins, wet/retention basins, constructed wetlands, infiltration trenches, bioretention filters, and sand filters. By means of "regional cost adjustment factors" as reported by the United States Environmental Protection Agency, all data were adjusted to reflect costs in Rainfall Zone 1 of the United States ͑USEPA 1999͒. Rainfall Zone 1 covers the northeast and north-central United States and includes Maine, New Jersey, Pennsylvania, Michigan, Wisconsin, Iowa, Minnesota, and the northern portions of Indiana, Illinois, and Ohio. Based on this method first employed by the American Public Works Administration ͑APWA 1992͒, construction costs in Rainfall Zone 1 are estimated to be 12% higher than the "Twenty Cities Average" in the United States. Costs were also adjusted to year 2005 dollars using an annual inflation rate of 3%. A value of 3% was chosen after an analysis of building cost indexes for the past 11 years ͑Turner Construction 2004͒ and revealed that the average annual inflation was 3.26% with a range from 0.3 to 5.4%.
The cost data collected were usually reported in conjunction with the watershed area and/or the water quality volume for which the particular storm-water BMP was designed. When comparing unit cost data based on watershed area and WQV, the data based on WQV were, in most cases, observed to have less scatter. Thus, in order to provide for as much consistency as possible while minimizing scatter overall, WQV based unit construction costs were selected for use over watershed area based unit construction costs.
Figs. 1-6 show the analyzed unit construction cost data in graphical form. Also shown is the dashed, best-fit line through the data and the 67% confidence interval as shown by solid lines on either side of the best-fit line. When the cost data were converted to unit construction costs, defined as the total construction cost per hectare of watershed or per cubic meter of WQV, the data, in all cases except for bioretention filters, exhibited an "economy of scale." In other words, when the unit construction cost was plotted versus the size i.e., watershed area or WQV, the unit cost tended to decrease as the size increased. As mentioned, the only exception to this trend was bioretention filters, which exhibited a slight increase in unit cost with increasing size.
Of the data collected for sand filters, some contained information on the type of sand filter ͑e.g., Austin or Delaware͒ while other data included no such description. When analyzing the sand filter data for unit costs, there was essentially the same amount of scatter when the data of each sand filter type were analyzed alone as there was when all sand filter data were combined and ana- lyzed together. This suggests that sand filter unit construction costs are independent of the type of filter. Fig. 6 does differentiate between the Austin, Delaware, and undefined data by the data marker, but since no trend was observed for individual filter types, the best-fit line is drawn through the combined data.
The uncertainty observed in the data for all storm-water BMPs is most likely due to several factors such as design parameters, regulation requirements, soil conditions, site specifics, etc. For example, variable design parameters that would affect the total construction cost include pond side slopes, depth and free board on ponds, total wet pond volume, outlet structures, the need for retaining walls, etc. Site-specific variables include clearing and grubbing costs, fencing around the storm-water BMP, etc. Due to the wide number of undocumented variables that affect the cost, this scatter would be difficult to minimize.
Land Area Requirements
An important cost of any storm-water BMP is that of the land area on which the storm-water BMP will be located. For urban areas, in which land is typically at a premium, this cost can be relatively large. On the contrary, in more open, rural areas, land costs might be a very small percentage of the total project costs. Due to the extreme range of land costs and variability from site to site, no attempt was made to incorporate this cost into the total present cost analysis. However, the land area requirements, and therefore the associated land costs of each storm-water BMP, can vary dramatically and would, in many scenarios, have a significant impact on the total cost of a project.
Given the variability of land costs and the variety of potential storm-water BMPs that could be used, the impact of land costs must be done on an individual, case-by-case basis. Table 1 , which lists typical storm-water BMP land area requirements for effective treatment, is presented to assist designers and planners in making such a comparison. Values reported in Table 1 by Claytor and Schueler ͑1996͒ are for the general category of storm-water BMP system and may include more than one specific type of stormwater BMP. For example, their pond category may include both wet and dry ponds. If the land costs in the locale of a particular project are known, these costs can be combined with the information presented in the Table 1 to estimate a range of possible land area costs associated with each storm-water BMP under consideration. This information is intended to give only a typical range of land areas. For more accurate land area estimates, a preliminary storm-water BMP design should be performed.
Operating and Maintenance Costs
Over the lifetime of a storm-water BMP the operating and maintenance costs can be a significant expense that must be considered when selecting a treatment method. However, no data were found that documented actual O and M costs of existing storm-water Table 2 . Also included in the right column of Table 2 is the range of the writers, collection of predicted O and M costs ͑SWRPC 1991; Landphair et al. 2000; Caltrans 2004; Moran and Hunt 2004͒. When analyzing the data, a trend was observed for all storm-water BMPs except infiltration trenches, in which the annual O and M cost as a percentage of the construction cost decreased with increasing construction cost. The annual O and M cost data for all stormwater BMPs except infiltration trenches are shown as log-log plots in Figs. 7-11. Infiltration trench data are not included because four of the six data points obtained for this storm-water BMP were over 100% of the total construction cost, which is high compared to the 5-20% range reported by the USEPA ͑1999͒. Therefore, these data were not used in this analysis and a different approach, which will be described below, was used when analyzing infiltration trenches. As with the construction cost data, the best-fit line through the data and the 67% confidence interval are shown. In the following section the annual O and M costs will be combined with the unit construction costs to develop an estimate for the total present cost of each stormwater BMP as a function of WQV.
Total Present Cost
If an estimate of the total construction cost of a storm-water BMP were desired, the data presented in Figs. 1-6 could be used in a stand-alone manner simply by multiplying the unit construction cost ͑dollars/m 3 ͒ by WQV ͑m 3 ͒. However, a more useful estimate is that of the total costs needed to not only construct, but also to maintain and operate the storm-water BMP. Rather than provide one estimate for total construction cost and another estimate for annual O and M expenditures, the data will be combined in order to estimate the total present cost of each storm-water BMP as a function of water quality volume. As previously defined, the total present cost is the sum of the total construction cost and the equivalent present cost of 20 years of annual O and M expenses. In this estimate, the annual O and M costs are converted to an In order to estimate the total present cost of each storm-water BMP the total construction cost was calculated as a function of WQV by multiplying the corresponding unit construction cost, given in Figs. 1-6 , by WQV. For all storm-water BMPs, except infiltration trenches, the annual O and M cost, as a percent of construction cost, was estimated for each WQV from Figs. 7-11. Next, the annual O and M costs were estimated by multiplying each percentage by the corresponding total construction cost. Finally, the annual O and M costs were converted to an equivalent present cost for a 20-year period and added to the total construction cost.
Before the conversion of the annual O and M costs to an equivalent present cost is described, the analysis method used for infiltration trenches must be discussed. For infiltration trenches an average value of the annual O and M cost ͑as percent of total construction cost͒ based on the USEPA summary shown in Table  2 was assumed. Thus, annual O and M costs for infiltration trenches were not determined from the best-fit line through the data of Fig. 10 , but rather assumed to be 12% ͑+/−7%͒. Other than this assumption, the total present cost analysis for this stormwater BMP was identical to the others.
Having obtained an annual O and M cost estimate, it was assumed that these costs would be incurred for 20 years. The 20 years of annual O and M costs were converted to an equivalent present O and M cost using the time value of money and historical values of interest and inflation rates. Given an interest rate and inflation rate, the equivalent present cost of the 20-year annual O and M costs can be computed by equations modified from Collier and Ledbetter ͑1988͒ the unit construction costs, annual O and M costs as a percent of the construction cost, and inflation and interest rates ͑i.e., E͒ were incorporated into the total present cost using the first-order, second-moment analysis described by Kline ͑1985͒.
The resulting total present cost ͑with 67% confidence interval͒, excluding land costs, of each storm-water BMP can be described ͑fit͒ in equation form as
where: TPCϭtotal present cost ͑2005 U.S. Rainfall Zone 1 dollars͒; WQVϭwater quality volume ͑m 3 ͒; and ␤ 0 and ␤ 1 ϭconstants.
For each storm-water BMP the values of ␤ 0 and ␤ 1 for the average TPC, the values of ␤ 0 and ␤ 1 for the upper and lower 67% confidence intervals, and the range of WQV for which data were collected are given in Table 3 . A comparison of the average total present cost of all six storm-water BMPs is given in Fig. 12 . It must be noted that Fig. 12 presents average values and, for sake of clarity, does not include the associated confidence intervals. One must keep in mind that if confidence intervals were included there would be some overlap between the confidence intervals. Investigation of Fig. 12 reveals that, based on the collected data and in terms of average total present cost, wetlands are the least expensive storm-water BMP for the range of WQVs listed, assuming that land suitable for wetland development was available. This finding is somewhat similar to that of Wossink and Hunt ͑2003͒ who concluded that, in terms of construction costs, wetlands were the least expensive of four storm-water BMPs ͑wet ponds, constructed wetlands, sand filters, and bioretention basins͒ for watersheds larger than 10 acres in sandy soils. Contrary to the previous conclusions, the California storm-water Quality Association ͑CSQA͒ ͑2003͒ states that wetlands are relatively inexpensive, but are typically 25% more expensive than storm-water ponds of equivalent volume. As will be demonstrated with an example later in this paper, one must also remember that since wetlands generally require more land area, any savings in total present cost may potentially be offset by larger land acquisition costs.
Effectiveness of Contaminant Removal
An estimate of the total cost of a storm-water BMP can be a valuable aid during the planning and selection process. However, an inexpensive storm-water BMP that has minimal impact on water quality would be of little value for water quality improvement. Thus, knowledge of the impact or effectiveness a particular storm-water BMP will have on water quality is just as important as the cost. In an effort to provide this information, an analysis was performed in which the total amount of TSS and phosphorus removed over a 20-year span was estimated as a function of water quality volume. In this analysis the amount of TSS and P removed is considered to be a function of the fraction of storm-water runoff that will be treated by the storm-water BMP, the pollutant load that reaches the storm-water BMP, and the removal performance of the storm-water BMP itself. Of course, some of these parameters depend on other variables such as watershed area, impervious area, rainfall amounts, etc. All of these variables and the analytical method that was used to incorporate them into the estimate of total pollutant load removal are described and discussed below.
Runoff Fraction Treated
Most storm-water BMPs are designed for a particular rainfall depth that is used to estimate a water quality volume or a peak flow rate to size the storm-water BMP. WQV is usually defined on the basis of a prescribed runoff depth over the entire watershed or designed for a particular rainfall depth.
If using the latter method, a modified relationship used by Claytor and Schueler ͑1996͒ can be used to calculate the WQV ͑m 3 ͒ for a particular precipitation amount WQV = 100 * P * R V * A ͑4͒
where Pϭdesign rainfall precipitation depth ͑cm͒; R V ϭratio of runoff to rainfall in the watershed; and Aϭwatershed area ͑ha͒. The ratio of runoff to rainfall, R V , has the most uncertainty of the parameters in Eq. ͑4͒. For this analysis, a relatively simple relationship was used ͑Claytor and Schueler 1996͒ where Iϭpercent ͑0-100͒ of the watershed that is impervious. Eq. ͑5͒ indicates that, for a 100% impervious watershed, 95% of the rainfall becomes runoff and for 0% impervious, 5% of the rainfall becomes runoff. Since a storm-water BMP is designed for a finite value of rainfall and/or runoff, there is always the chance that a given storm will produce more runoff than the unit was designed to store and/or treat. When that happens, a portion of the runoff bypasses the storm-water BMP or is discharged from the stormwater BMP via an overflow outlet and receives no treatment. In order to account for this untreated fraction of runoff, a statistical analysis should be performed on historical rainfall data. Given the design rainfall depth, the process, as described below, can be used to estimate the fraction of storm-water runoff that will be bypassed or exit the storm-water BMP without treatment. 1. Since design recommendations for storm-water BMPs typically state that the devices should be designed to drain in two days, combine rainfall amounts over every 2-day span to calculate the 2-day running sum precipitation amounts. 2. Using the combined data, generate a 2-day running sum ͑R S ͒ histogram and a percent exceedance corresponding to each precipitation depth. 3. Determine the design precipitation depth of the storm-water BMP, the corresponding percent exceedance, and an estimate of the fraction of runoff that will bypass or exit the stormwater BMP without treatment. For example, if a storm-water BMP were designed for a precipitation depth of 3.7 cm, the exceedance graph area that is both under the plotted curve and below the horizontal line that corresponds to an abscissa value of 3.7 cm divided by the total area under the curve, equals the fraction of the 2-day summed precipitation amounts that were below the 3.7 cm design storm depth. For the Minneapolis/St. Paul metro region a design depth of 3.7 cm, which, in this analysis may occur over a span of up to 2 days, is also the depth of the 3-month 24-h storm ͑Huff and Angel 1992͒. By analysis of the exceedance graph, a depth of 3.7 cm corresponds to approximately 93% of all storm-water runoff being treated over time. This value is similar to that obtained in Maryland in which storm-water BMPs designed for the 3-month storm depth were estimated to treat a minimum of 92% of the annual runoff ͑Claytor and Schueler 1996͒. For precipitation events larger than 3.7 cm, this method assumes that the runoff from the first 3.7 cm is treated by the BMP. Further details of the analysis method described herein are available in Weiss et al.
͑2005͒.
Based on the above analysis, when estimating the total amount of TSS and P removed over 20 years it was assumed that 7% of all runoff in the Minneapolis/St. Paul region would receive no treatment. With this estimate, the total suspended sediment and phosphorus removal are given by %total removal = 0.93 * ͑%removal by storm-water BMP͒ ͑6͒ where the percent removal by storm-water BMPϭremoval based on inflow and treated outflow concentrations and does not consider overflow conditions. Overflow and/or bypass conditions are accounted for by multiplying percent removal by storm-water BMP by 0.93 as shown in Eq. ͑6͒. This method assumes that the total phosphorus and suspended solids concentrations in the runoff are distributed evenly over time. If initial concentrations are higher than the concentrations in the bypassed fraction this assumption will result in conservative estimates of pollutant load removed.
It must be noted that this estimate of percent total removal is conservative in that it assumes any runoff volume larger than the amount for which the storm-water BMP was designed will not be treated. Because all the runoff does not arrive at the BMP at once, this may not be an accurate assumption. Since arrival of the runoff volume at the storm-water BMP may occur over several hours ͑or days͒, some runoff will have already passed through the BMP early in the event, which will allow additional volume to be treated during the latter stages of the runoff event.
Pollutant Loading
Several methods with a wide degree of complexity are available to estimate storm-water pollutant loads. For example, the stormwater management model ͑SWMM͒ can be used to model single storm events or watershed basins over time. Additional methods described by Young et al. ͑1995͒ include regional United States Geological Survey ͑USGS͒ equations for estimation of storm loads, runoff volumes, and event mean concentrations. A simplified, but less accurate set of USGS regression equations is also available and can be used to estimate storm runoff loads and volumes. The Federal Highway Administration ͑FHwA͒ has also developed a method to estimate pollutant loading from highway runoff ͑Driscoll et al. 1990͒.
The methods mentioned above require a level of detail that is beyond what is necessary for the comparative purposes of this study. Thus, a modified version of a less involved but widely accepted method, the simple method ͑Schueler 1987͒, was selected to estimate pollutant loads. The modified simple method used in this paper is also used by the Lower Colorado River Authority ͑LCRA 1998͒ and has been recommended for use by the State of Texas, Department of Transportation
where Lϭannual pollutant load ͑kg͒; Aϭwatershed area ͑ha͒; R F ϭaverage annual rainfall ͑cm͒; R V ϭaverage annual runoff: rainfall ratio as defined in Eq. ͑2͒; and Cϭaverage annual contaminant ͑i.e., TSS and P͒ concentration ͑mg/L͒, which may be thought of as an annual "event" mean concentration.
In order to coincide with the 20-year time span used to estimate the total present cost, the pollutant loading must also be estimated for 20 years. To accomplish this, Eq. ͑7͒ must be multiplied by 20. Also, the variable R F , must no longer be defined as the average annual rainfall, but rather the 20-year running average of annual rainfall. Incorporating these changes, Eq. ͑7͒ is converted to estimate the TSS and P loading over a 20-year span
where L 20 ϭestimated pollutant load over 20 years ͑kg͒; and R F20 ϭ20-year running average of annual rainfall ͑cm͒. For the purposes of this paper it was assumed that watershed area A, percent impervious I, and therefore runoff coefficient R V , would be measured without significant uncertainty. In order to determine estimates of the average annual concentration of TSS and P in storm-water runoff ͑C͒, data were compiled on event mean concentrations from several studies and dozens of sites ͑Moxness 1986 ͑Moxness , 1987 ͑Moxness , 1988 Driscoll et al. 1990; Oberts 1994; Barrett et al. 1995; Stanley 1996; Wu et al. 1996 ; Sansalone and Buchberger 1997; Barrett et al. 1998; Anderle 1999; Legret and Colandini 1999; Waschbusch et al. 1999; Carleton et al. 2000; Drapper et al. 2000; Brezonik and Stadelmann 2002; Harper et al. 1999͒ . Data analysis revealed that the average values of storm-water event mean concentrations of TSS and P from sites located in Minneapolis and St. Paul, Minn., were similar to average values of all other sites located throughout the United States and Australia. Since the data were similar, the overall average values of 131+ / −77 mg/ L ͑67% confidence interval͒ for TSS and 0.55+ / −0.41 mg/ L ͑67% confidence interval͒ for total P were used. With values for C estimated, the total pollutant load for TSS and P over a 20-year time frame, as estimated by Eq. ͑8͒, becomes a function of only three variables; the 20-year running average of annual rainfall, watershed area, and with the use of Eq. ͑2͒, the percent of the watershed area that is impervious.
Two of these variables that determine the 20-year pollutant loads ͑i.e., watershed area and percent impervious͒ are also the same two variables that determine the WQV. Thus, in any given rainfall region for a watershed of known area and percent impervious, both the WQV and the TSS and P loads over 20 years can be estimated. In other words, for a given watershed, each value of WQV corresponds to a unique value of 20-year TSS and P loads. The pollutant loads will be used to estimate the mass of TSS and phosphorus removed by each storm-water BMP over 20 years as a function of WQV.
Fraction of Contaminants Removed
With the fraction of runoff treated and the total 20-year pollutant load estimated, the remaining variable that must be estimated is the fraction of TSS and P removed by each storm-water BMP. Once the removal rate of each storm-water BMP has been estimated, the total mass of TSS and P removed over the 20-year span may be estimated by multiplying the 20-year pollutant load by both the fraction of runoff treated ͑i.e., 93%͒ and the fraction of pollutant removed by the storm-water BMP. The fraction of TSS and P removed is usually reported in one of two ways; as a percent change between influent and effluent concentrations or as the percent change between the total mass load entering the storm-water BMP and the mass load exiting the storm-water BMP. Most of the removal data obtained were based on concentrations, however, some values of reported removal rates were not clearly defined.
Published data on the performance of the various types of storm-water BMPs analyzed in this study were collected and only data from actual sites that were field tested were included. When a single site was monitored over time and had more than one removal rate reported, only the average value of the data for that site was included in the analysis. Removal rates based on mass load removed were combined with removal rates based on the percent change in contaminant concentration between inflow to the storm-water BMP and treated outflow from the storm-water BMP. For each type of storm-water BMP the average percent removal of the combined data ͑with 67% confidence interval͒ was calculated and assumed to be the average percent of mass load removed.
The results are summarized in Table 4 and the raw data are available in Weiss et al. ͑2005͒ . Sufficient amounts of reliable data needed to estimate the TSS removal rate of bioretention filters and TSS and phosphorus removal rates of infiltration trenches were not available. As denoted by the asterisks in Table 4 , values of 85 and 95% for TSS removal as reported by the National Pollutant Removal Performance Database ͑Winer 2000͒ were used. Also assumed was the National Pollutant Removal Database value for infiltration trench phosphorus removal of 65%. The assumed values for TSS removal were either in agreement with other reported typical ranges of effectiveness, or conservative as Caltrans ͑2004͒ assumed infiltration trenches and basins remove 100% of TSS. Some literature, such as Caltrans ͑2004͒, have reasoned that since water entering these storm-water BMPs is removed from the surface water, these storm-water BMPs achieve 100% removal of TSS and P. However, some dissolved contaminants may potentially reach the groundwater ͑MPCA 2000͒ and could reenter as surface water at a later time. The 67% confidence intervals for these storm-water BMPs were also assumed as denoted by an asterisk in Table 4 .
The values presented in Table 4 are, more or less, in agreement with the typical removal rate values reported in the National Pollutant Removal Performance Database ͑Winer 2000͒. For example, this manual lists the percent of total phosphorus removal of both wetlands and ponds to be 40% For filtration practices ͑i.e., and filters͒ the percent removal of total phosphorus is listed at 50% and that of TSS as 85%.
The values shown in Table 4 correspond to storm water treated by the storm-water BMP and do not account for any portion of the flow that bypasses the storm-water BMP or exits through an overflow outlet. Also, as stated previously, the values reported for phosphorus removal are based on data collected from existing storm-water BMPs. If the studies that generated these data were not collected over a long enough time span ͑months or years͒, the values in Table 4 may not reflect the possibility that phosphorus bound to the soil and sediment may, depending on pH and other water characteristics, become soluble and be exported from the BMP. Finally, the confidence intervals reported in Table 4 reveal a large amount of uncertainty in the reported data, which is likely due to variations in design, pretreatment, maintenance, and other factors.
The total amount of TSS or phosphorus removed by each storm-water BMP was estimated by multiplying the 20-year total load by 93% ͑i.e., estimated percent of runoff treated͒ and by the corresponding removal rate as found in Table 4 .
Example Application
Storm-water BMPs under prefeasibility consideration for a 20-ha watershed in the Minneapolis/St. Paul metro region that is 80% impervious include a dry extended detention basin and a constructed wetland. The storm-water BMP is to be designed Table 3 , the total present cost of an average dry extended detention basin of this size is $307,000 with a 67% confidence interval range of about $166,000-$668,000. A similarly sized average wetland would cost approximately $200,000 with a 67% confidence interval range of $112,000-$405,000.
To obtain an estimate of R F20 , a statistical analysis on historical precipitation data in Minneapolis and St. Paul from 1950 to 2003 was performed. The results showed that the 20-year running average precipitation depth is 28.44+ / −1.80 in. ͑67% confidence interval͒.
When load removed is plotted as a function of WQV the result is a linear function with an intercept of zero. For each stormwater BMP, the slope of the average value of TSS removed ͑kg͒ as a function of WQV ͑m 3 ͒, along with the 67% confidence interval slopes, are given in Table 5 . Thus, to estimate the average TSS removed ͑kg͒ over 20 years for a particular storm-water BMP, the slope value given in Table 5 can be multiplied by the WQV ͑m 3 ͒. Similarly, the slopes of phosphorus removal ͑kg͒ as a function of WQV and the corresponding 67% confidence intervals are given in Table 6 .
Over 20 years the estimated TSS removal and 67% confidence interval for the dry extended detention basin can be, with the use of Table 5 , estimated to be 155,870 kg with a 67% confidence interval range of 54,150-257,590 kg. The corresponding wetland TSS removal based on Table 5 is estimated to be 199,980 kg with a range of 95,200-304,710 kg.
The phosphorus removed over 20 years can be estimated in a similar manner using Table 6 . For the dry extended detention basin the average P removal is approximately 290 kg with a range of 36-535 kg ͑67% confidence interval͒. The wetland average P removal is about 472 kg with a range from 45 to 898 kg. Thus, for this watershed and design depth, the wetland, on average, would cost less to construct ͑not including land costs͒ and it would also remove more TSS and phosphorus. However, up to this point land costs have not been considered.
Focusing on associated land costs of each storm-water BMP under consideration, Table 1 can be used to estimate the approximate required land area required for each storm-water BMP.
Using the values based on total watershed area and selecting the high end of each range, the dry extended detention basin would require 2.0% of the total watershed area, which corresponds to a required land area of 0.4 ha. Similarly, the wetland would require 5.0% of 20 or 1.0 ha. If land costs are known, the land areas can be used to estimate land costs associated with each storm-water BMP. For example, if land costs were $25,000 per hectare, acquiring the land for the detention basin would cost an additional $10,000 and the land for the wetland would cost $25,000. The resulting average total cost ͑now including land acquisition͒ for the detention basin and wetland are $317,000 and $225,000, respectively. Thus, in this relatively low land cost scenario, the wetland would still be cheaper and more effective, on average. However, if land costs in the vicinity of the project were $625,000 per hectare, an average dry extended detention basin would, including land, have an estimated total cost of $557,000 and the wetland under consideration would have a total cost of $825,000. Thus, with more expensive land, wetlands are no longer the less-expensive option. However, wetlands are still estimated to remove more TSS and phosphorus, meaning that the parties involved would have to weigh the increased cost of the wetland against its added benefit ͑i.e., more contaminant removal͒. In addition, at the higher land cost there may be more cost-effective options than either the constructed wetland or the dry extended detention basin. The cost estimates are preliminary, of course, and could be used to compare the experience in the United States to more site-specific feasibility options.
Conclusion
Historical data have been used to compare the cost and effectiveness in suspended sediment and phosphorus removal of several common storm-water best management practices including dry extended detention basins, wet detention basins, constructed wetlands, infiltration trenches, bioretention filters, and sand filters. Effectiveness in reducing runoff volume or peak flow discharge were not considered. Data on construction costs and annual O and M costs have been combined to estimate the total present cost of the storm-water BMPs in 2005 dollars as a function of water quality volume. The total present cost is based on 20 years of annual O and M costs that have been converted to a present value based on historical values of inflation and municipal bond yield rates.
The pollutant-removal effectiveness of the storm-water BMPs as a function of WQV have been assessed by estimating the total amount of total suspended solids and phosphorus removed over a 20-year time period. Also, in order to help the user incorporate land costs, typical land area requirements for each storm-water BMP as a function of watershed area are presented. Both the cost and effectiveness ͑i.e., amount of TSS and P removed͒ estimates are presented with 67% confidence intervals. Due to the wide scatter in the original data, the confidence intervals associated with each estimate also exhibit a relatively wide range.
For the six storm-water BMPs investigated, results show that, ignoring land costs, constructed wetlands have been the least expensive to construct and maintain if appropriate land is available. This result indicates that, when suitable land is available, constructed wetlands have been a cost-effective means of removing suspended sediment and phosphorus from storm-water runoff. However, since wetlands typically require more land area to be effective, land acquisition costs may result in wetlands being significantly more expensive than other storm-water BMPs that require less area. Also, the long-term capability of wetlands to remove phosphorus has been questioned by other authors.
The original data exhibited a wide amount of scatter that resulted in large 67% confidence intervals for the estimates of both the total present costs and mass of contaminants removed. Even with the scatter, the results can be used as a preliminary tool to compare storm-water BMPs in the categories of cost and impact on water quality, which are under consideration for a given project.
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Notation
The following symbols are used in this paper:
A ϭ watershed area; C ϭ average annual contaminant concentration; C OM ϭ annual operating and maintenance cost; I ϭ percent impervious in watershed; L ϭ annual pollutant load; L 20 ϭ pollutant load over 20 years; P ϭ precipitation depth; P C ϭ equivalent present cost; R F ϭ average annual rainfall; R F20 ϭ 20-year running average annual rainfall; R V ϭ ratio of runoff to rainfall; WQV ϭ water quality volume; i ϭ interest rate; r ϭ inflation rate; ␤ 0 ϭ fitted constant; and ␤ 1 ϭ fitted constant.
